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Abstract
In recent years, yttria-stabilized zirconia Y-TZP has attracted considerable interest in the field of dental restoration.

However, the state-of-the-art Y-TZP materials made from coprecipitated powders only just comply with the current
standard in terms of fracture resistance and grain size. In this study a new nanoscale starting powder produced with
detonation synthesis was applied to produce a fully dense specimen by means of hot pressing in the sintering tempera-
ture range between 1250 – 1500 °C. Mechanical properties, microstructure and phase composition were studied. Low-
temperature degradation behavior was quantified in an accelerated ageing test in a saturated water vapor at 134 °C.
Between sintering temperatures of 1300 °C and1400 °C, the materials obtained show a combination of high strength
> 1400 MPa, toughness of 6 MPa√m and fine grain size < 320 nm and thus fulfill the requirements of the dental stan-
dard EN ISO 6872. Ageing resistance was high. After nucleation of the monoclinic content, the materials exhibited
zero-order growth kinetics and retained > 90 % tetragonal phase up to ageing times of 10 h ≈ 35 years in vivo.
Keywords: Zirconia, mechanical properties, phase composition, microstructure, low-temperature degradation

I. Introduction
Partially stabilized zirconia ceramics derive their excel-

lent mechanical properties, i.e. strength and fracture resis-
tance, from an effect called “transformation toughening”.
With the addition of stabilizer oxides such as yttria, ce-
ria or magnesia, the tetragonal phase remains metastable
after sintering. Partially stabilized zirconia exists in two
basic types: PSZ-type material such as Mg-PSZ, here the
tetragonal precipitates are contained in a cubic matrix and
TZP-type such as Y-TZP, here the material is very fine-
grained and predominantly tetragonal. Exposed to me-
chanical stress such as at a loaded crack tip, the metastable
tetragonal phase transforms martensitically (athermal, dif-
fusionless and with the speed of sound in the material)
to thermodynamically stable monoclinic phase. As this
transformation is associated with dilatation (∼ 5 vol%) and
shear, the proceeding crack is put under compressive stress
so that the stress intensity at the crack tip is lowered 1, 2.
In Y-TZP the incorporation of aliovalent Y3+ into the
zirconia lattice leads to the formation of oxygen vacan-
cies to retain charge neutrality. Oversized dopants such
as Y3+ favor an eightfold coordination, the oxygen vacan-
cies are associated with the Zr4+ cations 3. Y-TZP typically
stabilized with ∼ 3 mol% Y2O3 forms a tetragonal/cubic
(80/20) solid solution 4. Owing to the high transformation
stresses that would exceed the material strength (which is
determined by the size of flaws), standard 3Y-TZP typ-
ically has very high flexural strength of > 1000 MPa and
moderate fracture resistance of ∼ 5 MPa√m 5. The state-of-
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the-art procedure to synthesize Y-TZP powders is copre-
cipitation, which involves zirconia and yttria being simul-
taneously precipitated from inorganic precursors. This
leads to powders with a homogeneous stabilizer distribu-
tion at the atomic level. An alternative powder techno-
logical route to produce Y-TZP powders is coating zirco-
nia with yttria in a wet chemical process or intensive co-
milling of both constituents, leading to higher fracture re-
sistance and improved low-temperature degradation sta-
bility 6 – 9. However, this type of powder is not commer-
cially available. The main drawback in using Y-TZP in
moist environments such as inside the human body is its
tendency to low-temperature degradation (LTD). LTD is
induced by polar molecules, typically water, which dis-
sociate and oxygen-containing species occupy the oxygen
vacancies in the lattice 10. As a consequence of that, the
tetragonal phase is destabilized and transforms to mon-
oclinic without any external mechanical stress. The vol-
ume expansion of the transformed domains puts the sur-
face of components under compressive stress and leads to
opening up of grain boundaries, thereby facilitating the
interpenetration of fluid into the bulk of the material 11.
Problems with LTD and in vivo failure of ceramic hip
joints were the main reason for banning Y-TZP from ap-
plications in arthroplasty 12. The kinetics of LTD is typ-
ically described a nucleation and growth model accord-
ing to Mehl, Avrami and Johnson 13. Comprehensive re-
view articles on LTD have been published by Chevalier et
al. 14 – 15.

The emulsion detonation process (EDS) for Y-TZP pow-
der synthesis starts with a water in oil emulsion in which



314 Journal of Ceramic Science and Technology —F. Kern et al. Vol. 7, No. 4

the aqueous constituent acts as the oxidizer and the oil-
based constituent as combustible fuel. The powder pre-
cursor is homogeneously dissolved in this emulsion. Dur-
ing detonation of the mixture, high temperatures up to
1400 °C and high pressures up to 10 GPa lead to formation
of ultrafine powders that are subsequently quenched to re-
tain small grain sizes and thus achieve high sinterability. A
variation of the process also allows coating of nanoparti-
cles with a second phase to obtain mixed oxides 16 – 19.

Y-TZP starting powders produced by means of EDS
have become available recently, thus we aimed to inves-
tigate the mechanical properties and LTD characteristics
of Y-TZP ceramics produced therefrom. Hot pressing was
chosen to enable the production of fully dense materials –-
from a limited amount of starting powder – over a wide
sintering temperature range.

II. Experimental
The powder was a 3Y-TZP supplied by Innovnano, Por-

tugal. The powder was manufactured by means of EDS us-
ing a patented process 20. The as-synthesized agglomerat-
ed powder was characterized by means of XRD analysis
(Bruker D8, Germany, Bragg-Brentano setup, CuKa-ra-
diation) in respect of phase composition and primary crys-
tallite size. In the 2theta range between 27°– 33° the areas
and widths at half height of the three characteristic reflec-
tions of monoclinic (-111 and 111) as well as tetragonal
(101) were determined. The phase composition was calcu-
lated using the Toraya calibration curve 21. The crystallite
sizes were estimated using the Scherrer formula 22. The yt-
tria content was determined with EDX (Leo, Cambridge,
UK).

Samples were consolidated by hot pressing in vacuum
(FCT Anlagenbau, Germany). The powder was filled
into the boron-nitride-clad graphite die. The die was
inserted into the press at 3 MPa pre-load and evacuat-
ed, then heating to 1150 °C proceeded at 30 K/min. At
this temperature, the load was increased to 20 MPa for
10 min then heating to final temperature was performed
at 30 K/min. Final temperatures were varied between
1250 °C and 1500 °C in 50-K increments to cover a
wide range of sintering parameters, dwell was 1 h at
40 MPa. Two disks, each measuring 45 mm in diameter
and 2.5 mm in thickness separated by a 10-mm graphite
disk, were pressed at the same time, two extra disks
were pressed at 1400 °C for ageing experiments. The
disks were subsequently ground manually on both sides
to remove the circumferential edge and the BN layer
and then automatically lapped on both sides with 15-μm
diamond suspension and polished with 15-, 6-, and 1-
μm diamond suspension for 30 min in each case until a
mirror-like surface was obtained (Struers Rotopol, Den-
mark). Elastic modulus E, Shear modulus G and Pois-
son’s ratio m were measured on whole polished disks by
means of ultrasonic excitation (IMCE, Belgium). Den-
sity was determined on whole disks with the buoyancy
method. The disks were then cut into bars of 4 mm in
width for bending tests (ten samples) and fracture re-
sistance tests (four samples for indentation strength in
bending ISB, two for stable indentation crack growth in
bending SIGB). The sides of bending bars were lapped

and the edges were beveled. The remaining pieces were
kept for Vickers hardness testing HV10 (Bareiss, Ger-
many, load 98.1 N for 10 s) and XRD analysis. The
bending strength was measured in a 4-pt setup (ten sam-
ples each; 20/10 mm inner/outer span, 0.5 mm/min,
Zwick, Germany). Fracture resistance was determined
with residual strength measurements (ISB) immediately
after HV10 indentation on the tensile side (four samples
each; 20/10 mm inner/outer span, 1.5 mm/min, Zwick,
Germany) 23. For the sake of completeness and compara-
bility with many other publications, indentation fracture
resistance based on direct crack length measurement was
performed according to Niihara using the equation for
Palmqvist cracks 24. The resistance to subcritical crack
growth was measured by means of stable indentation
crack growth in bending (SIGB) according to a proto-
col explained by Dransmann and Benzaid 25, 26. For the
SIGB tests the samples were indented with four HV10
indents with cracks parallel and perpendicular to the
sides at a distance of 2 mm. The bars were then stored
for two weeks to allow the cracks to grow to a stable ex-
tension. The area with the indents was placed on the ten-
sile side within the inner span of the 4-pt test setup. Tests
were carried out on 1 – 2 samples each; 20/10 mm inner/
outer span at 2.5 mm/min. Samples were loaded start-
ing from a strength value corresponding to 1/3 of the
ISB residual strength and loaded successively at strength
increments of 1/10 of ISB strength until fracture. After
each loading/unloading cycle, the crack length was mea-
sured with the microscope of the hardness testing ma-
chine. The phase composition of the polished surface
and of the straight fracture faces after ISB test was de-
termined by means of XRD as described above for the
powder 21. Based on these data, the depth h of the trans-
formation zones in the fracture faces was determined by
means of XRD according to Kosmac 27. The transfor-
mation toughness increments DKIC

T = 1/(1-m)⋅Vf⋅E⋅√h
⋅eT were calculated from measured data of E, m, Vf and
h according to McMeeking 28. For the transformation
strain eT a value of 0.05 was assumed. For the transfor-
mation efficiency X the literature value 0.27, i.e. largely
dilatory transformation behavior, was chosen. The LTD
resistance was measured in an accelerated ageing test in
an autoclave at 134 °C in saturated water vapor (vapor
pressure 3 bar). The phase composition of aged sample
surfaces and the thickness of the layer of monoclinic
zirconia were determined with XRD 27. The values mea-
sured with the XRD method were cross-checked with
layer thickness values determined by means of light mi-
croscopy (Leitz, Germany) and SEM (Leo Cambridge,
UK) on polished cross-sections. The roughness of the
aged surfaces was measured with a tactile method (Mahr,
Germany) based on an average value of five lines of 5 mm
in length. The topography of aged surfaces was qualita-
tively visualized with optical microscopy using differen-
tial interference contrast DIC. For determination of the
microstructure of the ceramics, polished samples of each
sintering temperature were thermally etched in hydro-
gen at 1200 °C for 10 min and subsequently studied by
means of HRSEM (Zeiss Gemini, Germany). Grain sizes
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were determined with the linear intercept method using
Mendelson’s correction factor 29.

III. Results

(1) Powder characteristics
The XRD pattern of the starting powder in the rele-

vant 2theta range between 27 – 33° is shown in Fig. 1. The
pattern observed is typical for a mixture of monoclin-
ic and tetragonal zirconia; free yttria was not observed.
The peak widths (2theta) for the three main peaks were
measured as 0.374° ± 0.014° (-111)m, 0.515° ± 0.014° (101)t
and 0.507° ± 0.02° (111)m. According to the Scherrer equa-
tion, this corresponds to crystallite sizes of 24 – 32 nm for
the monoclinic and 24 nm for the tetragonal fraction 22.
Peak areas were integrated and a phase analysis accord-
ing to Toraya was carried out 21. The monoclinic fraction
in the starting powder amounts to 59.5 ± 0.3 vol%. Com-
pared to unstabilized zirconia nanopowder (Evonik VP-
Ph, 68 vol% monoclinic, grain size 25 nm) analyzed in a
previous publication, the tetragonal fraction is higher 30.
The yttria content determined by means of EDX in sin-
tered samples was 2.85 ± 0.15 mol%, the composition of
the powder is thus in the typical range for 3Y-TZP.

Fig. 1: XRD trace of the starting powder in the 2theta range between
27 – 33°, Fit of (-111)m, (101)t and (111)m reflections.

(2) Microstructure
Fig. 2 shows the microstructure of materials sintered at

1300 °C, 1400 °C and 1500 °C at identical magnification
(the scale bar is valid for all three images). The slightly cor-
rugated structure is an artefact of the relatively gentle ther-
mal etching process coupled with high-resolution SEM.
What can be seen is the onset of recrystallization, revealing
facets on the surface depending on the crystal orientation
of the individual grains. In materials with larger grain size
this rumpling is more pronounced than in fine-grain ma-
terials. The evolution of grain sizes with sintering temper-
atures is indicated in Fig. 3. Grain growth is very moderate
up to a sintering temperature of 1400 °C. Here grain sizes
reach a value of 320 ± 40 nm. Beyond this sintering temper-
ature, grain growth is considerable and grain sizes reach
650 nm at 1500 °C. The largest grains reach sizes of ∼ 1 μm,
their surface is, however. not perfectly smooth, which to-
gether with their moderate size is an indication that they
are not crystallized into the cubic phase system. The alu-
mina content of the powder amounts to ∼ 0.5 vol%, alumi-
na grains have sizes of 200 – 300 nm and are homogeneous-
ly distributed in the zirconia matrix.

(3) Phase composition
Fig. 4 shows the monoclinic content in polished surfaces

(Vm, polished) and the monoclinic content in fractured faces
(Vm, fractured) of Y-TZP samples sintered at different tem-
peratures. The monoclinic content in the polished surface
decreases with rising sintering temperature from 2 vol% at
1250 °C to 0 vol% at 1350 °C. At higher sintering temper-
ature no monoclinic can be quantified. The monoclinic in
the fracture face slightly decreases from 6 vol% at 1250 °C
to 5 vol% at 1350 °C. From 1400 °C upwards the mono-
clinic content in the fractured face starts to increase and
reaches11.5 vol%at1500°C.Theaccuracyofthemeasure-
ment is in the range of 1 vol% absolute, thus changes with-
in this range should not be overstressed. The transforma-
bility Vf = Vm, fractured - Vm, polished rises from ∼4 vol% at
1250 – 1350°Cto11.5 vol%at1500°C.Thethickness(h)of
the transformation zone determined by means of XRD 27

ranges between 0.2 μm for the least to 0.65 μm for the most
transformable materials. The low transformability also af-
fects thetransformationtoughness incrementsDKT

IC.DKT
IC

varies between 0.1 and 0.6 MPa√m 28.

Fig. 2: SEM images of polished thermally etched Y-TZP samples sintered at 1300 °C, 1400 °C and 1500 °C.
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Fig. 3: Evolution of average grain sizes of Y-TZP with sintering
temperature.

Fig. 4: Monoclinic content in polished surfaces (Vm,polished) and the
monoclinic content in fracture faces (Vm,fractured) of Y-TZP samples
sintered at different temperatures.

Fig. 5: Hardness HV10 and 4-pt bending strength r4pt of Y-TZP vs.
sintering temperature.

Fig. 6: Fracture resistance KISB and KDCM,Niihara of Y-TZP vs.
sintering temperature.

(4) Mechanical properties

Fig. 5 shows the hardness and 4-pt bending strength of
the materials. The Vickers hardness rises from 1300 HV10
at 1250 °C to 1400 HV10 at 1300 °C sintering temper-
ature and stays almost constant at this level up to the
highest sintering temperature. Bending strength increas-
es from 1000 MPa at 1250 °C to 1450 MPa at 1350 °C
then stays constant up to 1450 °C sintering temperature.
At 1500 °C, a decrease in strength to 1270 MPa can be
observed. Materials sintered at temperatures below and
above the 1350 °C – 1450 °C range show a high scattering
of strength values. Young’s modulus E = 208 – 211 ± 5 GPa
is almost constant irrespective of sintering temperature
(not shown here). Poisson’s ratio m was 0.31 in all cas-
es. The fracture resistance values determined by means
of direct crack length measurement KDCM and by ISB
method KISB depending on sintering temperature of Y-
TZP are shown in Fig. 6. While the KDCM values show
an initial decline with rising sintering temperature and
a moderate rise beyond 1350 °C, the KISB values seem
much more reliable. KDCM may be strongly affected by
the machining process inducing different states of resid-
ual stress in the region close to the surface. KISB values
increase from 5.4 MPa√m at 1250 °C to a plateau tough-
ness of ∼ 6 MPa√m at 1300 – 1450 °C, toughness at 1500 °C
slightly declines, which is surprising in respect of the high-
er transformability and the effect of grain size on fracture
resistance. Fracture toughness data derived from stable in-
dentation crack growth in bending SIGB can provide fur-
ther information: the fracture resistance at infinite crack
length KIC, SIGB, resistance to subcritical crack growth
KIO and the R-curve-dependent part of the fracture re-
sistance Kapp,0 were determined. Fig. 7 shows two exam-
ples of SIGB plots for materials sintered at 1300 °C and
1500 °C. During indentation the crack driving stress in-
tensity equals the toughness of the material, therefore af-
ter lifting the indenter, the indent stores a negative stress
intensity Kres. During the bending test the crack having a
length c will grow if the applied stress intensity Kapp ex-
ceeds the value Kapp,0 corresponding to the negative value
of this stored stress intensity 25. The onset of crack growth
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is visible as a kink in the curve. Above Kapp,0 cracks grow
with rising stress r and Wr√c rises linearly with declining
Pc-1.5. The slope v is the residual stress coefficient (W =
1.27 is a geometry factor). Fig. 7 shows that this relation
applies to the sample sintered at 1300 °C. The curve of
the material sintered at 1500 °C does not show a constant
slope v. v grows with increasing crack length, thus the ex-
trapolation to infinite crack length to obtain KIC, SIGB as
the intercept with the ordinate does not seem acceptable
and is prone to deliver exaggerated values of fracture resis-
tance 31. The methodology according to Dransmann et al.
for the calculation of KI0 requires subtraction of the stress
intensity Kapp,0 at the kink from the extrapolated ordinate
intercept (KI0 = KIC,SIGB – Kapp,0). Fig. 8 shows the re-
sults of this calculation. However, owing to the reasons
discussed before, the authors would favor a conservative
approach using KISB instead of KIC,SIGB to perform this
calculation. KIO, ISB after an initial rise from 1250 °C to
1300 °C shows a constant value of 4.2 ± 0.1 MPa√m. This
value is 1.4 MPa√m higher than values already reported de-
termined by Chevalier et al. for 3Y-TZP in doube torsion
tests and own results on coprecipitated hot-pressed 3Y-
TZP (Tosoh TZ-3YSE sintered at 1450 °C/2 h) in SIGB 23.

Fig. 7: Crack extension curves of stable indentation crack growth
in bending SIGB experiments for samples sintered at 1300 °C and
1500 °C.

Fig. 8: Resistance to subcritical crack growth KIO, R-curve-de-
pendent part of fracture resistance KApp,0 and fracture resistance
KIC,SIGB of Y-TZP vs. sintering temperature.

(5) Low-temperature degradation

Fig. 9 shows the surfaces of 3YTZP aged for different times
at 134 °C in an accelerated autoclave test. The topography
changes were visualized by means of differential interfer-
ence contrast DIC. After 1 h at 134 °C, the transformation
is restricted to the polishing-induced grooves. After 3 h,
transformation lift-up can be detected, the lift-up zones
are rough and located around circular regions. These cir-
cular regions with diameters ranging from 20 – 100 μm
have smooth surfaces. Ageing clearly proceeds in the re-
gions between these circular regions. Within the circular
regions that are originally untransformed, it takes long
ageing times of > 17 h until the formation of a corrugated
surface indicates the onset of ageing. Cross-cut sections
(Fig. 10) reveal that ageing proceeds at different speed in
different regions while at 100 h the monoclinic layer in the
center has a thickness of 13 – 14 μm, the layer thickness
on the right side of the sample is much lower (∼ 7 μm).
As expected from the microscopy images (Fig. 9), the sur-
face properties roughness Rz and waviness Wt determined
by means of tactile measurement are strongly affected by
ageing (Fig. 11). Rz values of unaged samples are initially
∼ 20 nm, roughness starts to increase after an initial induc-
tion period of 10 h/134 °C (∼ 12 vol% monoclinic), then
a linear increase in roughness to 120 nm is observed up to
30 h (∼ 60 vol% monoclinic). Beyond this point, rough-
ness rises exponentially. Waviness Wt shows a slightly
different trend, initial values of ∼ 70 – 80 nm are preserved
up to 10 h/134 °C, a plateau value of Wt ∼ 100 nm extends
to 30 h (∼ 60 vol%) monoclinic. Then an increase to Wt
∼ 400 nm at 100 h/134 °C follows. The plot of the mon-
oclinic content at the surface of autoclave-aged samples
Vm, aged vs. ageing time shows the typical sigmoidal curve
with the onset of fast ageing at 10 h which corresponds to
the change in surface properties (not shown). According
to the study by Chevalier et al. 13, the sigmoidal curve
of LTD processes can be described by a nucleation and
growth model of the following law: Vm, aged = 1-exp(b
⋅t)n with Vm, aged the monoclinic content, t the time b the
rate constant and n an exponent. The MAJ (Mehl-Avra-
mi-Johnson) plot is a linearized representation to deter-
mine values n and b. The MAJ-plot (Fig. 12) of lnln(1/1-
Vm, aged) vs. ln(t/h) over all measured values shows an
Avrami exponent n (slope) of 1.04 ± 0.07 and a rate con-
stant ln(b) (intercept) of -4.0 ± 0.2. There seems to be a
change of ageing mechanism at 10 h/134 °C (ln(t/h) =
2.3) as the two segments before and after that (indicated
by dashed lines) show somewhat flatter slopes and dif-
ferent intercepts. For the segment at low ageing times
1 – 10 h/134 °C regression analysis shows values of ln(b) =
-3.81 ± 0.07 and n = 0.79 ± 0.05, the segment at longer age-
ing times 17 – 100 h/134 °C has an intercept of ln(b) =
-2.28 ± 0.11 and n = 0.62 ± 0.03. Keuper has shown that
XRD may underestimate the thickness of transformed
layers, if the thickness of the monoclinic layers exceeds
the penetration depth of x-rays (∼ 8 – 10 μm) and data
have to be cautiously interpreted 29. Therefore we tried
to correlate XRD data to values measured directly from
microscope images of cross-cut and polished sections.
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Fig. 9: Microscopy images made with differential interference contrast (DIC) to visualize the change in topography in autoclave-aged
Y-TZP.

Fig. 10: Thickness of transformed layers in Y-TZP samples auto-
clave-aged at 134 °C for 10 h, 30 h, 53 h and 100 h.

Fig. 13showsthat the thicknessofmonoclinic scalesmea-
sured by XRD and microscopy are quite close. The layer
growth seems to follows a zero-order kinetic model (dh/dt
∼ k⋅t0), only at very long ageing times and scale thickness
> 10 μm the XRD underestimates the layer thickness ow-
ing to the limited depth of X-ray absorption.

Fig. 11: Surface roughness Rz and waviness Wt of Y-TZP vs. ageing
time at 134 °C.
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Fig. 12: Mehl-Avrami-Johnson plot of ageing kinetics, ordinate
intercept shows rate constant ln(b), slope shows Avrami exponent
n. Continuous line shows regression over all measured data. Dashed
lines indicate different ageing kinetics in subsections.

Fig. 13: Thickness of transformed layers in aged Y-TZP, comparison
of measurements by XRD and microscopy.

IV. Discussion
The starting Y-TZP powder manufactured by means

of emulsion detonation synthesis EDS contains a high
amount of monoclinic, which implies that zirconia and yt-
tria do not alloy intimately enough during the detonation
synthesis process to form a solid solution. To a certain ex-
tent the tetragonal fraction may also be formed owing to
small crystallite sizes and quenching of the high-temper-
ature composition as has been observed for unstabilized
zirconia nanopowder fabricated by Evonik by means of
flame pyrolysis 26. Hot-pressed 3Y-TZP materials exhib-
it high strength and hardness which are within the typi-
cal range of high-quality alumina-doped 3Y-TZP mate-
rials. Fracture resistance KISB (6 MPa √m) and resistance
to subcritical crack KIO (4.2 MPa√m) growth are higher
than can be expected for coprecipitated 3Y-TZP (KIC =
5 MPa√m, KIO = 2.8 MPa√m 26) but do not reach the high
values found in materials prepared from stabilizer-coat-
ed powders (KIC = 7 – 9 MPa√m, KIO = 5.5 MPa√m 9, 30).

Y-TZP materials sintered at low temperatures (< 1350 °C)
still contain some monoclinic. Transformability is relative-
ly low considering the level of fracture resistance mea-
sured. As other toughening mechanisms than transforma-
tion toughening were not detected (strength is too high
for microcrack toughening), the material probably has a
slightly higher intrinsic fracture resistance than typical for
3Y-TZP 33.

Two ageing regimes were detected. The ageing resis-
tance of the materials is high at moderate ageing times of
10 h/134 °C which corresponds to 30 – 40 years in vivo
(which covers the lifetime of a dental implant). Chevalier
et al. reported ln(b) values of -2.5 for 3Y-TZP, studies by
the authors have found values for 2.5Y-TZP made from
yttria-coated powder in the range of ln(b) = -4 9, 13. It can
be assumed that the kinetics are similar to conventional
Y-TZP at ageing times > 10 h (ln(b) ∼ -2.7) while at ageing
times < 10 h similarly high values (ln(b) = - 4.5) are found
as for coated Y-TZP. The zero-order growth law of the
LTD induced monoclinic layer as reported by Keuper and
Kern can be fully confirmed at least for prolonged ageing
times 32, 9.

The Y-TZP material made from EDS powder thus ap-
pears as a hybrid between Y-TZP made from coprecipi-
tated and coated materials. It shows identical or improved
mechanical and ageing properties compared to the state-
of-the art coprecipitated material (particularly the rela-
tively high fracture resistance at small grain size is difficult
to achieve using coprecipitated 3Y-TZP) 5. The values of
Y-TZP made from stabilizer- coated powders (which are
commercially unavailable) are exceeded as far as strength
and hardness are concerned 6, 9, 30. Fracture resistance, re-
sistance to subcritical crack growth and ageing resistance
are distinctly lower.

Some observations yet remain unexplained by the exper-
iments carried out. The structure of aged surfaces with cir-
cular regions remaining unaffected by ageing for a consid-
erable time suggest some inhomogeneity already present
in the granulated starting powder and preserved in the sin-
tered material. The size of the circular regions (Fig. 9) is in
the range of 50 – 100 μm which coincides with the range of
the powder granules. As the powder was used as-received
without homogenization by milling, it may be that the det-
onation synthesis process leads to asymmetric deposition
of stabilizer in individual granules. As differences in grain
size were not observed, regions remaining untransformed
may either contain more stabilizer or the stabilizer distri-
bution is inhomogeneous. This may lead to features sim-
ilar as in the case of Y-TZP material made from yttria-
coated monoclinic powders or in blends of powders hav-
ing low and high stabilizer contents. Burger and Piconi
showed that 3Y-TZP materials made from coated starting
powders showed almost no ageing despite high toughness
and stress induced transformability 7. Basu et al. showed
that Y-TZP materials made from 3Y-TZP and monoclinic
had higher fracture resistance than Y-TZP materials with
the same stabilizer content introduced homogeneously by
coprecipitation (“new mixing route” 34). In principle both
coating and “new mixing route” exploit the same effect.
Monoclinic powders will take up yttria (no matter if from
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their yttria coating or from nearby 3Y-TZP grains con-
taining excess yttria) until their composition reaches the
composition at the t/t+c phase boundary (∼ 2.5 mol% at
typical sintering temperature of ∼ 1400 °C). Initially a sta-
bilizer gradient will be formed, resulting in grains with
a sufficiently stabilized shell and an understabilized and
very transformable core. The difference is that in case of
the “new mixing route”, only a part of the grains show the
gradient so that the additional toughening increment is rel-
atively moderate. These issues will have to be studied in
detail.

V. Summary
3Y-TZP ceramics were manufactured from a new start-

ing powder made synthesized by means of EDS. Mechan-
ical properties and resistance to LTD were comparable to
or better than the state-of-the-art materials made from
coprecipitated powders processed by hot pressing. The
new type of powders has become commercially available
and may be an interesting and affordable powder source
for applications in mechanical engineering or biomedical
sectors. As the bending strength reaches 1400 MPa and
KIO/KISB = 0.7 (if sintered at 1350 °C – 1450 °C), the
materials should offer a superior fatigue strength of up
to 1000 MPa compared to standard 3Y-TZP (∼ 600 MPa).
If the materials are sintered under oxidizing conditions,
we may expect an even higher ageing resistance 35. Based
on the properties determined the materials would fulfill
the requirements of the dental standard with regard to
strength, grain size and resistance to LTD. Some features
of the powder are not fully understood yet and will require
further investigations.
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